Neurogenesis in the compound eyes of Drosophila and the camera eyes of vertebrates spreads in a wave-like fashion. In both phyla, waves of hedgehog expression are known to drive the wave of neuronal differentiation. The mechanism controlling the propagation of hedgehog expression during retinogenesis of the vertebrate eye is poorly understood. The Iroquois homeobox genes play important roles in Drosophila eye development; they are required for the up-regulation of hedgehog expression during propagation of the morphogenetic furrow. Here, we show that the zebrafish Iroquois homolog irx1a is expressed during retinogenesis and knockdown of irx1a results in a retinal phenotype strikingly similar to those of sonic hedgehog (shh) mutants. Analysis of shh-GFP transgene expression in irx1a knockdown retinas revealed that irx1a is required for the propagation of shh expression through the retina. Transplantation experiments illustrated that the effects of irx1a on shh expression are both cell-autonomous and non-cell-autonomous. Our results reveal a role for Iroquois genes in controlling hedgehog expression during vertebrate retinogenesis. q
Introduction
During vertebrate retinogenesis, seven principle cell types are derived from a common population of multipotent progenitors and are organized into three nuclear layers (reviewed in Livesey and Cepko, 2001 ). In the zebrafish, differentiation of these retinal neurons occurs in a wave-like manner that initiates in a region located at the ventronasal aspect of the retina adjacent to the optic stalk (Hu and Easter, 1999) . From there, differentiation spreads dorsally, pivots around the central, and then progresses towards the temporal retina. A key player mediating the progression of retinal cell differentiation is sonic hedgehog (shh), a member of the Hedgehog (Hh) family of secreted molecules that are essential also for many other developmental processes (reviewed in Ingham and McMahon, 2001; Dakubo and Wallace, 2004) . The expression of shh spreads through the ganglion cell layer (GCL) and the inner nuclear layer (INL) also in a wavelike fashion suggesting that the wave of shh expression drives neurogenesis across the retina (Neumann and Nüsslein-Volhard, 2000; Shkumatava et al., 2004) . Consistent with this, retinogenesis is severely affected in the zebrafish shh mutants sonic-you (syu) (Neumann and Nüsslein-Volhard, 2000; Stenkamp et al., 2002; Stenkamp and Frey, 2003; Shkumatava et al., 2004) as well as in wild-type zebrafish, where shh signaling is blocked pharmacologically or by using anti-sense morpholino oligonucleotides (Stenkamp and Frey, 2003; Masai et al., 2005) .
Mosaic analysis revealed that Shh acts as a short-range signal programming differentiation in the retina (Shkumatava et al., 2004) . In shh mutant retina, neuronal differentiation is initiated at the ventronasal patch (Stenkamp et al., 2002; Shkumatava et al., 2004) . However, the spread of neuronal differentiation does not occur in the absence of Shh activity, suggesting that onset and propagation of shh expression and neurogenesis employ different mechanisms. Moreover, in the zebrafish ath5 mutant lakritz, which lacks shh-expressing retinal ganglion cells (RGCs) in the GCL (Kay et al., 2001) , the spread of shh expression in the amacrine cells of the INL occurs normally, indicating that the wave of shh expression in the INL is independent of shh expression in the GCL (Shkumatava et al., 2004) . Despite this progress, it is largely unknown how the progression of shh expression in the retina is regulated.
The Iroquois homeobox (Irx) genes were first identified in Drosophila as prepatterning genes, which control the expression of proneural bHLH genes (Gómez-Skarmeta and Modolell, 1996; Leyns et al., 1996; reviewed in Cavodeassi et al., 2001 ) and play essential roles in both early and late eye development. In early stages, expression of Irx genes in the dorsal side is required for the patterning of the dorsoventral axis of the eye imaginal discs (McNeill et al., 1997; Cho and Choi, 1998; Dominguez and de Celis, 1998; Cavodeassi et al., 1999; Yang et al., 1999) . The border between Irx-expressing (Irx C ) and Irx-non-expressing (Irx K ) cells that intersects the disc margin is sufficient and necessary to induce an up-regulation of hh expression (Cavodeassi et al., 1999) . Hh is required to drive the progression of the morphogenetic furrow and thus neuronal differentiation in the eye discs (Ma et al., 1993) . How this Irx C /Irx K border controls propagation of hh expression is unknown. Besides this early patterning function, Irx genes also play a later role in specification of the ommatidia at the dorsal rim (Tomlinson, 2003; Wernet et al., 2003) .
Little is known about the function of Irx genes in vertebrate eye development. In the chick retina, Irx4 overexpression can repress the expression of the axon guidance molecule Slit1 (Jin et al., 2003) revealing a potential role for Irx genes in axon pathfinding. In the mouse, all six Irx genes are expressed in the developing retinas (Cohen et al., 2000; Bosse et al., 2000; Houweling et al., 2001) . Analysis of several Irx mutant mice so far only revealed a subtle retinal differentiation phenotype in Irx5 mutant mice (Cheng et al., 2005) . The function of vertebrate Irx genes in early eye development, if any, remains unclear. We have previously identified one of the zebrafish irx1 homologs, irx1a (Cheng et al., 2001; Wang et al., 2001; Itoh et al., 2002; Dildrop and Rüther, 2004; Feijoo et al., 2004) . Unlike their mouse counterparts, we show here that irx1a, but not other irx1 paralogs irx1b nor irx7, is expressed during zebrafish retinogenesis. Gene knockdown studies of irx1a using anti-sense morpholino nucleotides revealed striking retinal defects, which phenocopy those of syu mutants. Furthermore, we demonstrate that knockdown of irx1a expression disrupts spreading of the shh waves and, interestingly, the knockdown effect appears to be both cellautonomous and non-cell-autonomous. These results reveal a novel function for Irx genes in early vertebrate eye development and suggest that irx1a possesses an evolutionarily conserved function in regulating hh waves during eye development.
Results

Irx1a is expressed in the neural retina during retinogenesis
In Drosophila, all three Iroquois genes are expressed on the dorsal side of the eye disc (McNeill et al., 1997; Cho and Choi, 1998; Dominguez and de Celis, 1998) from the late first larval instar onwards. In the mouse, all six Iroquois genes are expressed in the retina from E12, which is prior to retinal neuron differentiation (Cohen et al., 2000; Houweling et al., 2001) . To investigate the role of irx genes in zebrafish retinogenesis, we examined the spatial and temporal expression of irx1a, irx1b, and irx7 (a paralog of irx1a/b) in the 2-day-old zebrafish embryo. Only irx1a expression is detected in the retina at 48 h post-fertilization (hpf) (Fig. 1A-C) . The co-expression of irx1a and the neuronal marker isl-1 in the GCL indicates that irx1a is expressed in the RGCs (Fig 1D) . Expression of irx1a is first found in the ventronasal retina adjacent to the choroid fissure (Fig. 1E) , and gradually spreads to the dorsal parts of the retina, which is reminiscent to the differentiation of RGCs and expression of ath5 (Masai et al., 2000) . The initiation of irx1a expression is similar to but appears to be later than that of ath5 (Fig. 1E-L) . In contrast to ath5, which is expressed transiently in most of the post-mitotic neuroblasts, irx1a is expressed in the prospective GCL in a subset of ath5 expressing cells. Moreover, its expression persists in the GCL at least until 96 hpf (data not shown).
Ocular defects in irx1a morphants
To examine the function of irx1a in zebrafish retinogenesis, we employed a knockdown approach using anti-sense morpholino nucleotides. Zebrafish embryos injected with 4 ng of either irx1a ATG MO or irx1a 5 0 UTR MO showed a small eye phenotype by 48 hpf (irx1a ATG MO, 90%, nZ99; irx1a
). This phenotype could be rescued by co-injection of irx1a mRNA in a dose-dependent manner (Table 1) . Interestingly, the irx1a-MO injected larvae (irx1a morphants) exhibited dark coloration by 96 hpf, in which melanin granules were widely distributed within the melanophores, suggesting that these irx1a morphants failed to detect light (Fig. 2D ). In contrast, dark coloration was not observed in the control or irx7 morphants ( Fig. 2A and data not shown). From 30 hpf, irx1a morphants began to exhibit a small eye phenotype whereas control morphants were unaffected. At 96 hpf, the retinas from wild type or control morpholino injected embryos were normally segregated into three distinct nuclear layers and two plexiform layers (Figs. 2B and 3C) . This lamination of the retina was disrupted in the irx1a morphants (Figs. 2F and 3F). Although nuclear layers were variably present in the morphant retinas, the rest of the retina was largely disorganized with very little or no plexiform tissues. Embryos with co-injection of irx1a morpholino together with irx1a mRNA showed normal lamination as the control retina (Fig. 3I ). An early eye-specific marker pax6 is required to maintain the multi-potency of retinal progenitor cells.
The expression of pax6 is initially found in the entire retina and becomes restricted to the GCL and proximal INL as a result of neuronal differentiation (Marquardt et al., 2001) . While pax6 expression was detected in the GCL and INL of control retinas (Fig. 2C) , it was found throughout the irx1a morphant retinas (Fig. 2G ). In addition, retinal progenitor marker rx1 was ectopically expressed in morphant retina (Fig. 2D ) but rx1 is only expressed in the ciliary marginal zone (CMZ) in control retina (Fig. 2H ) by 48 hpf. Furthermore, irx1a morphant retinas exhibited a drastic increase of ectopic cell death (Fig. 3A,D,J) . In contrast, with the co-injection of irx1 morpholino plus irx1a mRNA, we did not observe significance increase of cell death ( Fig. 3G and J) . Mitotic cells are visualized by antiphosphohistone H3 immunostaining that stains cells in late G2 and M phase. The ratio of mitotic cells in irx1a morphant retina was significant higher than the control retina and the irx1a morpholino plus irx1a mRNA (Fig. 3 B ,E,H,K). The increase in mitotic cell ratio suggested that more cells in irx1a morphant retina remained un-differentiated. Taken together, these observations reveal severe defects in lamination, differentiation and cell survival in irx1a morphant retinas.
The abundance of retinal ganglion cells is reduced in irx1a morphants
To investigate whether RGC differentiation is affected in the irx1a morphant retinas, we performed immunostaining of Isl-1, which is expressed in the RGCs in the GCL and later in the bipolar neurons and amacrine cells of the INL. In the control morphant retinas, the differentiation of RGCs, visualized by Isl-1 staining, spreads through the entire GCL by 48 hpf (Fig. 4A) . In contrast, only small patches of Isl-1 positive cells were detected in the irx1a morphant retinas at 48 hpf (Fig. 4D) . The number of Isl-1 positive cells in the irx1a morphant retinas remained low even at 96 hpf ( Fig. 5E ) suggesting that the reduction of Isl-1 positive neurons in the GCL is not merely caused by a delay of differentiation. In control retinas, zn8 staining could be found in the GCL as well as the optic nerve (Fig. 4B ). In contrast, only weak zn8 signals were detected in the irx1a morphant retinas (Fig. 4E ). We next examined the trajectories of retinal axons by labeling with the lipophilic axon tracers DiI and DiO. In the control as well as irx7 morphant retinas, axons projected to contralateral tecta ( Fig. 4C and data not shown). However, projections of retinal axons were severely compromised in the irx1a morphants suggesting a defect in the differentiation of RGCs (Fig. 4F) . Together, these results indicate that knockdown of irx1a resulted in reduced RGC differentiation.
In the zebrafish, mutation in the ath5/lakritz gene leads to a complete loss of RGCs (Kay et al., 2001) . We examined whether defects of RGC differentiation in the irx1a morphant retinas are due to a down-regulation of ath5 expression. Expression of ath5 is induced in retinal cells adjacent to the choroid fissure by signals from the optic stalks and then progresses to the dorsal and temporal retina (Masai et al., 2000) , and in normal 48 hpf retinas ath5 expression is found in differentiated RGCs near the ciliary region ( Fig. 4G-I ). Interestingly, although irx1a morphant retinas showed high levels of ath5 expression, most ath5-expressing cells were located only adjacent to the optic stalk ( Fig. 4J-L) . Apparently, most of the ath5-expressing cells failed to undergo RGC differentiation in irx1a morphant retinas. These results indicate that irx1a is not required for ath5 expression and suggest that irx1a might act downstream of ath5 or in a parallel pathway during RGC differentiation.
Propagation of neuronal differentiation is abolished in the INL and ONL of irx1a morphant retinas
The lamination defects of irx1a morphant retinas suggest that neuronal differentiation in the INL and ONL is also affected. At 96 hpf, Isl-1 staining detected a subset of bipolar and amacrine cells in the INL of control retinas (Fig. 5A ). However, this subset of bipolar and amacrine cells could only be detected in the ventral side of the retina after knockdown of irx1a (Fig. 5E ). The HNK-1 epitope, which is an early neuronal differentiation marker (Hu and Easter, 1999) , could be detected by zn12 immunostaining in the entire GCL, the proximal region of INL, and the inner plexiform layer (IPL) in control retina (Fig. 5B) . Similar to Isl-1 staining, less zn12-positive cells in the prospective GCL of retinas and only a small patch of zn12-positive cells could be detected in the ventral region of the prospective INL (Fig. 5F ) in irx1a morphant. Consistent with the observation of the zn12 staining, the amacrine cell marker GAD 65/67 was only detected in the ventral side of irx1a-morphant retinas (Fig. 5G) . Hu RNA binding protein, the homologue of Drosophila Elav, is expressed in all of the retinal ganglion cells and amacrine cells in the retina (Kostyk et al., 1996; Link et al., 2000) . In control retinas, Hu positive cells could be detected in the entire GCL and the inner region of INL but they are strongly reduced in the INL of irx1a-morphant retinas (Supporting Fig. 10A,C) . Müller glial cells are the last major cell types that develop in the INL of the zebrafish retina and can be labeled by the immunostaining of glutamine synthetase (GS). In irx1a morphant retinas, no GS immunostaining could be detected (Fig. 5H ) suggesting a defect in the differentiation of Mü ller glial cells. Similarly, tyrosine hydroxylase-positive dopaminergic interplexiform cells, which represent a subset of amacrine cells, could not be detected in the irx1a morphant retinas (Supporting Fig. 10B,D) . These data indicate that although the differentiation of amacrine and bipolar cells initiated at the ventral side of the irx1a morphant retinas, neuronal differentiation failed to spread to the central and dorsal regions of the retina (Fig. 5K and O), and the differentiation of Müller glial cells was abolished.
Rod and cone photoreceptors are located in the ONL, which are born around 48 hpf (Hu and Easter, 1999) . Similar to other differentiation events in the GCL and INL, the differentiation of photoreceptors are also initiated from the ventronasal side of the retina and spreads to the centre and the temporal side by about 60 hpf. Differentiated cone and rod photoreceptors were visualized by zpr1 and zpr3 immunostaining, respectively. At 96 hpf, while both cone and rod photoreceptors were found throughout the entire ONL of the control retinas (Fig. 5I,J) , only a small patch of photoreceptors could be observed in the ventral region of the irx1a morphant retinas (Fig. 5M,N) . These results indicate that photoreceptor differentiation initiated in the ventronasal ONL of irx1a morphant retinas, but the neurogenic wave was arrested ( Fig. 5L,P) . Embryos were raised in a bright environment until 96 hpf. irx1a morphants (E) showed darker pigmentation than control morphants (A). (B,F) Lamination defects of irx1a morphant retinas revealed by propidium iodide staining. In the control morphant (B), the retina is segregated into three distinct nuclear layers and two plexiform layers. Large retinal ganglion cells can be found in the GCL, which project axons to the optic stalk (white arrowheads). In contrast, the laminar structure was disrupted and cells were uniform in size in the irx1a morphant retinas (F). By 48 hpf, pax6 expression is restricted to the GCL and the proximal INL of the control retinas (C), whereas pax6 is expressed in the entire irx1a morphant retina (G). (D,H) Lateral view of 48 hpf eye, anterior to the right, rx1 is expressed in CMZ in control retina (D) but is expressed in the entire irx1a morphant retina (H). GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. Black arrowheads indicate the position of the optic stalk. Asterisks (*) indicate the position of the choroid fissure.
The wave of Sonic hedgehog expression is perturbed by inactivation of irx1a
The retinal defects of the irx1a morphants are strikingly similar to those of the zebrafish sonic hedgehog mutant syu (Neumann and Nüsslein-Volhard, 2000; Stenkamp et al., 2002; Shkumatava et al., 2004) . To investigate whether these defects are caused by abnormal shh expression, we analyzed the expression of shh in irx1a morphant retinas using in vivo imaging of a shh-GFP transgene. In control retinas, initiation of shh expression was first detected in a ventronasal patch of RGCs at about 32 hpf. Following the activation of the shh-GFP in the GCL, shh-GFP was also expressed in a subset of amacrine cells in the INL. Similar to the neurogenic wave, shh-GFP-positive cells in both the GCL and INL spread across the retina, and filled the central retina by about 42 hpf (Fig. 6A-F , and Supporting Movie 1). In the irx1a morphant retinas, initiation of shh-GFP expression in the ventronasal retina occurred but was delayed for about 4 h (Fig. 6I) . Interestingly, GFP expression in both the GCL and INL was unable to spread to the dorsal or temporal side of the retina and remained restricted to the ventronasal retina (Fig. 6I-L and Supporting Movie 2). Knowing that irx1a is only expressed in the GCL and that the wave of shh expression occurs normally in the INL of lak/ath5 mutant retinas, which lack RGCs completely (Shkumatava et al., 2004) , it is intriguing to find that knockdown of irx1a not only disrupts shh expression in the GCL, but also in the INL.
The expression of irx1a is not depended on hh activity but is depended on FGF signalling
The secreted protein of Shh can act as a short-range signal to direct the differentiation of the retinal neuron (Neumann and Nüsslein-Volhard, 2000; Shkumatava et al., 2004) . It is possible that shh can direct the expression of irx1a in retina. Treatment of Hh inhibitor cyclopamine from 24 hpf can block the progression of shh-GFP completely (Neumann and Nüsslein-Volhard, 2000 and data not shown). However, the expression of the pro-neural gene ath5 and irx1a caused no significant changes (100%, nZ20) after cyclopamine treatment (Fig. 7A,B , and E,F). On the other hand, treatment with the FGF receptor inhibitor SU5402 completely abolished (90%, nZ20) or strongly reduced (10%, nZ20) the expression of irx1a (Fig. 7C and D) in the retina. A similar effect can also be observed for ath5 expression (Fig. 7G and H) ; most of the SU5402 treated embryos down-regulated ath5 expression. These data suggest that shh signaling is not required but FGF signaling is essential for the expression of irx1a in the retina.
Cell-autonomous and non-cell-autonomous effects of irx1a knockdown on shh expression
To investigate whether irx1a has both cell-autonomous and non-cell-autonomous effects on shh expression in the retina, we performed blastomere transplantation experiments. Donor cells from control or irx1a morphant embryos transgenic for shh-GFP were labeled with rhodamine-conjugated dextran and were transplanted into shh-GFP host embryos. Like host cells, control donor cells showed normal patterns of shh-GFP expression in both the GCL and INL (Fig. 8A-C) . Consistent with the notion that irx1a is required for shh expression in the GCL, irx1a morphant donor cells did not show any shh-GFP hpf embryos, anterior to the left) showed that irx1a morphant retina had ectopic cell death in compare to control or rescue embryos. t-Test analysis show that the number of cell death in morphant is significant higher (J, *P%0.005) than control. (B,E,H) Anti-phosphohistone H3 immunostaining for mitotic cells (Coronal section of 48 hpf embryos, ventral to the bottom). The ratio of proliferating cells in irx1a morphant retina (E) was significant higher (K, t-test, *P%0.005) than control retina (B) but the rescue embryos (H) was comparable to the control. In 96 hpf, the lamination of the retina in irx1a morphant embryos (F) was disrupted but rescue embryos (I) showed normal lamination as control embryos (C). GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. Open arrowheads indicate the position of the optic stalk.
expression, whereas shh-GFP expression could be found in surrounding host cells (Fig. 8D-F) .
Although these results suggest that the effect of irx1a knockdown is cell-autonomous, interestingly, 7/8 of mosaic eyes with irx1a morphant donor cells also showed a significant reduction of shh-GFP expression in the surrounding host cells. While a small clone of irx1a morphant donor cells resulted in a slight reduction of shh-GFP expression in the host cells outside the transplanted clone (Fig. 8D-F) , larger clones could lead to an almost complete absence of shh-GFP expression in the retina (Fig. 8G-I and data not shown). These observations indicate that the effect of irx1a knockdown on shh-GFP expression can also be non-cell-autonomous.
Previous has showed that the ventro-nasal retina is the origin of shh-wave initiation (Neumann and Nüsslein-Volhard, 2000) and is critical for the wave propagation. Although in some of the transplanted embryos, irx1a morphant donor cells were integrated to the ventro-nasal retina, the expression shh-GFP still can be observed
Discussion
We demonstrate here that irx1a is required for the propagation of neurogenesis in the developing zebrafish retina. Knockdown of irx1a resulted in small eyes with ectopic cell death, defective optic nerve and loss of lamination in the retina. The ratio of mitotic cells is also higher in the morphant retina suggested that the neuron differentiation is compromised. In all three nuclear layers of the irx1a morphant retinas, a small number of differentiated neurons could be found in the ventronasal region, where retinogenesis initiates. These observations suggest that irx1a is required for the propagation, but not the onset, of neurogenesis. In support of this, strong pax6 and rx1 expression could be detected in irx1a morphant Fig. 4 . Ventral view of whole-mount immunostaining with RGC markers Isl-1 (A,D) and zn8 (B,E) in 48 hpf retinas. Less Isl-1 positive RGCs were found in the irx1a morphant retina (D) in comparison to the control (A). (B) Zn8 immunoreactivity was observed on the surface of RGC and axons in the optic nerve. However, zn8 staining was barely detectable (white arrow) in the irx1a morphant retina (E). (C, F) Dorsal view of DiI-(red) and DiO-(green) injected eyes at 48 hpf. The RGC axons were retrogradely labeled in the control retina (C). No RGC axon projection could be clearly detected in irx1a morphants (F). Expression of ath5 is altered in irx1a morphant retinas; (G,J) ventral view, (H,K) lateral view, anterior to the left, and (I,L) coronal section. At 48 hpf, ath5 is expressed in the ciliary margin (asterisks) of the control retina (G-I), whereas it is expressed near the optic stalk in the irx1a morphant retina (J-L).
retinas indicating that irx1a is not required for the specification of retinal progenitor cells but instead plays a role in retinal differentiation. An important finding in this study is that the irx1a morphant retinal phenotypes, such as ectopic cell death and ventral located differentiated neurons, are strikingly similar to those of shh mutant syu. Since shh signaling is required for the propagation of neurogenesis in the retina, our data implicates an involvement of irx1a in shh-dependent retinogenesis. Through the use of a shh-GFP reporter, we demonstrated that the two shh waves do not occur in the irx1a morphant retinas revealing an essential role for irx1a in driving the shh/neurogenesis waves in the developing retina.
Little is known about the mechanism(s) that drive shh initiation and propagation in the retina. Analysis of the zebrafish ath5/lakritz mutant illustrated that ath5, which is required for the genesis of RGCs, regulates the initiation and propagation of the shh wave in the GCL (Kay et al., 2001) . Like those of ath5 and shh, irx1a expression is initiated at the ventronasal aspect of the nascent retina. Subsequently, the expression of all three genes spreads through the retina in a similar manner in GCL although irx1a expression appears later than that of ath5. Also similar to ath5 and shh, the expression of irx1a in the retina is depended on FGF signaling (Martinez-Morales et al., 2005) . Later in retinogenesis, ath5 is transiently expressed in most post-mitotic cells and its expression is down-regulated after full differentiation of the neurons (Masai et al., 2000) , whereas irx1a expression is maintained in differentiated RGCs. In the irx1a morphant retinas, while the initiation of ath5 expression was not affected, most of the ath5-expressing cells apparently failed to undergo differentiation and resided in a small vitreal area close to the optic stalk. These observations suggest that irx1a acts either downstream of ath5 and/or in a parallel pathway required for RGC differentiation. Interestingly, although irx1a expression is restricted to the GCL, knockdown of irx1a also affects neurogenic waves in other nuclear layers and the proper differentiation of amacrine cells, bipolar cells, photoreceptors and Müller glial cells. This is in contrast to the ath5 mutant retinas, where the second wave of shh occurs normally and retinal cells of the INL and ONL differentiate, albeit in a somewhat aberrant manner (Kay et al., 2001; Shkumatava et al., 2004) . Together, our observations indicate that the action of irx1a is likely not only controlling RGC differentiation. In agreement, our mosaic studies showed that knockdown of irx1a inhibits shh-GFP expression in a non-cell-autonomous manner. Previous work has shown that the ventronasal retina is the origin of a shh-wave (Neumann and Nüsslein-Volhard, 2000) and is critical for the propagation of the wave. In our study, although in some of the transplanted embryos, irx1a morphant donor cells were integrated in the ventronasal retina, the expression of shh-GFP still could be observed. It is likely that the amount of transplanted cells is not high enough to occupy the complete ventronasal region, therefore the remained host cells in optic stalk region can still induce the expression of shh-GFP.
It is possible that irx1a regulates the expression of a secreted molecule in the nascent retina, which acts in a non-autonomous manner. This signal could be an activator of neurogenesis. In an equally plausible model, this signal could also be a repressor of neurogenesis that inhibits the expression of shh and the neurogenic waves and which would need to be repressed by irx1a to permit neurogenesis to proceed normally. Fig. 6 . Spread of the waves of shh-GFP expression is dependent on irx1a. In vivo time-lapse recording the eyes of a live embryo carrying the shh-GFP transgene, ventral view, anterior to the top. In control embryos (A-F), shh-GFP is expressed in the ventronasal side of the control retina (A), its expression then spreads to the central retina at about 36 hpf (C), and to the entire GCL and INL at about 42 hpf (F). The expression of shh-GFP is initiated in the irx1a morphant retina (I, arrow) with a delay of about 4 hrs. In contrast to the wildtype, GFP is not expressed in the central and dorsal regions of the irx1a morphant retina (G-L). Note both the GCL and INL shh-GFP waves are blocked in irx1a morphant. One attractive candidate signal in favor of the latter hypothesis, is BMP4, which is expressed in the dorsal retina and persists until neurogenesis commences (Chin et al., 1997) . Overexpression studies in the chick demonstrated that Shh and BMP4 mutually oppose each other in the dorsoventral axis of the eye primordium (Zhang and Yang, 2001; Sasagawa et al., 2002) . Consistent with this hypothesis, our preliminary studies revealed a persistent expression of bmp4 in the irx1a morphant retinas (data not shown). It is important to note that Xiro1, a homolog of irx1a, acts as a transcriptional repressor inhibiting the expression of Bmp4 in early Xenopus embryos (Glavic et al., 2001; Gómez-Skarmeta et al., 2001; Glavic et al., 2004) . Therefore, if irx1a also acts as a repressor of bmp4 in the zebrafish retina, a derepression of bmp4 expression may be causing the defects observed in the irx1a morphant retinas.
Increasing evidence reveals a striking conservation of genetic pathways regulating morphogenesis of the Drosophila and fish eyes. One example is between R8 photoreceptor differentiation in the Drosophila eye discs and RGC specification in the vertebrate retinas. In both systems, the wave of differentiation is controlled in part by hedgehog signaling (Fig. 9) . In the Drosophila eye discs, a border of Irx C /Irx K cells is required and sufficient to trigger an upregulation of hh expression in the posterior most region, which drives the propagation of the morphogenetic furrow (Cavodeassi et al., 1999) . Intriguingly, Iroquois genes act non-cellautonomously in controlling hh propagation in the eye discs although the underlying molecular mechanism remains unknown. Here, we show that irx1a also regulates shh propagation in the zebrafish retina in a non-cell-autonomous manner adding another conserved genetic component between Drosophila and vertebrate eye morphogenesis. However, there is significant divergence in the expression and function of the Iroquois genes in vertebrate eye development. While all six mouse Irx genes are expressed in the GCL (Cohen et al., 2000; Bosse et al., 2000; Houweling et al., 2001) , we show here that irx1a, but not irx1b and irx7, is expressed in the zebrafish retina. Moreover, to date mutation of neither mouse Irx gene has been shown to have such a dramatic effect on retinal neurogenesis as the knock-down of irx1a in the zebrafish. Analysis of Irx2, Irx4 and Irx5 mutant mice revealed a subtle phenotype in the differentiation of a subset of bipolar interneurons only in the Irx5 mutant retinas (Cheng et al., 2005) . In contrast, our results here illustrate that irx1a is pivotal for retinogenesis in the zebrafish and suggest that irx1a acts in a critical step after the specification of retinal progenitor cells. Furthermore, we demonstrate the importance of irx1a in regulating the propagation of neurogenic waves in the retina. Fig. 8 . The effect of irx1a knockdown on shh-GFP expression is both cell-autonomous and non-cell-autonomous. Lateral view of 48 hpf retina. Ventral to the bottom, anterior to the left. Blastomere transplantations were carried out to determine the cell-autonomy of the effects of irx1a knockdown. The donor embryos, which carry the shh-GFP transgene, were labeled with rhodamine-dextran. Donor cells were transplanted into wild-type shh-GFP hosts at blastula stages. The shh-GFP expression in retinas with transplanted irx1a-MO cells was severely reduced (D-I), while control-MO injected donor cells had no effect on shh-GFP expression (A-C). Transplanted cells failed to express the shh-GFP transgene in all cases (red stain panels D-F) suggesting a cell-autonomous requirement of irx1a. However, shh-GFP expression was also reduced in areas that were not occupied by irx1a-MO containing cells. Host retinas with large irx1a-MO clones (G-I) lacked almost entirely GFP expression in areas derived from host cells. These results indicate an additional non-cell-autonomous effect of irx1a knockdown. A microphthalmia phenotype was also observed in the irx1a-MO transplanted hosts with large clones of irx1a-MO cells.
Experimental procedures
Zebrafish husbandry and transgenic line
Wild-type zebrafish were purchased from a pet shop and maintained in the lab for many generations. Line 2.2shh:gfp:ABC#28, which shows essentially identical GFP expression pattern in the retina as line 2.2shh:gfp:ABC#15 (Shkumatava et al., 2004) , was used in this study. The expression of this shh-GFP transgene is under the control of 2.2kb upstream sequence and the intronic cis-regulatory elements of the shh locus. The transgene displays GFP expression resembling endogenous shh expression.
Whole mount in situ hybridization
Digoxigenin-labeled riboprobes for ath5 (Masai et al., 2000) , irx1a (Cheng et al., 2001) , irx1b (previous known as ziro1a , Wang et al., 2001) , irx7 (Itoh et al., 2002) , isl-1 (Gong et al., 1995) and pax6 (Puschel et al., 1992) were synthesized by in vitro transcription. Hybridization on wholemounted embryos was performed as described (Cheng et al., 2001 ).
Histology and immunostaining
For toluidine staining, 1 mm plastic sections were used. For section immunostaining, 14 mm frozen sections were used. Primary antibodies used are: mouse anti-Islet1/2 (DBHB, 1:100); mouse anti-zn8 (DBHB, 1:100); mouse anti-zn12 (University of Oregon, 1:200); mouse anti-zpr1 (University of Oregon, 1:200); mouse anti-zpr3 (University of Oregon, 1:50); rabbit anti-phosphorylated histone 3 (Upstate Biotechnology, 1:500); rabbit anti-GAD 65/67 (Sigma, 1:500); mouse anti-glutamine synthetase (Chemicon, 1:50); and mouse anti-tyrosine hydroxylase (Chemicon, 1:200) . Secondary antibodies used are: AlexaFluor 488-conjugated goat anti-mouse IgG and goat anti-rabbit IgG (Molecular probes).
RNA and morpholino microinjections
Capped RNA was transcribed with SP6 RNA polymerase using the mMessage mMachine Kit (Ambion). Anti-sense morpholino nucleotides (GeneTools, Oregon) were designed to knockdown irx1a expression as follows: irx1a ATG MO: gga aga cat ctc ctc cgc cac gtc; irx1a 5 0 UTR MO: acg tcg gaa gcc aaa acc agg caa a; control MO: cct ctt acc tca gtt aca att tat a; and irx7 MO: (Itoh et al., 2002) . Morpholino nucleotides were injected into the yolk of zebrafish embryos at one-to four-cell stages. The amount of nucleotides injected ranged from 1 to 16 ng. Injections of amounts higher than 8 ng showed non-specific effects. The data shown was generated by injection of 4 ng of morpholino nucleotides. Embryos injected with irx1a ATG MO or Irx1a 5 0 UTR MO exhibited a similar phenotype. For the co-injection experiments, wild-type embryos were injected with capped irx1a mRNA and/or irx1a-specific morpholino (MO) and the small eye phenotype was scored at 48 hpf. Average frequency (%) was deduced by 3 independent microinjection experiments and the total number (n) is O100 for each trial.
Calculation of the ratio of PH3 positive area to the total area of the retina
Cryosections labelled with the anti-PH3 antibody were scanned under a LSM 510 laser-scanning microscope (Carl Zeiss). Using the imaging software Fig. 9 . The schematic model for the roles of Iroquois genes in Hedgehog wave propagation. In Drosophila eye disc, Irx C /Irx K border is required for the upregulation of hedgehog in the posterior region, which is sufficient to drive the progression of morphogenetic furrow. In zebrafish retina, expression of irx1a, ath5 and shh are controlled by Fgf signaling. Irx1a is not required for the initial expression of shh but it is required for the progression of shh from ventronasal to the dorsal during retinogenesis.
Meta-morph, PH3 positive area and total retina area were measured. The ratio of the PH3-positive area to the total area of the retina approximates to the ratio of PH3-positive cell number to total cell number in the retina.
Retinal axon tracing
Live larvae were mounted on a glass slide with 0.5% agarose. DiI (1,1 0 -dioctadecyl-3,3,3 0 ,3 0 -tetramethyl indocarbocyanine perchlorate, Molecular Probes) and DiO (3,3 0 -dioctadecyl oxacarbocyanine perchlorate; Molecular Probes) were dissolved in 50% DMSO and 50% chloroform (final concentration of 1% dye). The dyes were injected under the lens until the innermost space was filled. Confocal images were taken 1 h after injection.
Acridine orange staining of live larvae
Zebrafish larvae were incubated in 0.005% acridine orange in embryo medium for 10 min. The larvae were then washed four times with embryo medium for 5 min each and subjected immediately to photography.
Cyclopamine and SU5402 treatments
Embryos were dechorionated before treatment. According to the previous study (Neumann and Nüsslein-Volhard, 2000) , cyclopamine (TRC Biomedical Research Chemicals) was dissolved in ethanol and diluted to a final concentration of 100 mM with E3 medium for use. Embryos were incubated in either of cyclopamine containing medium or ethanol containing medium from 24 to 48 hpf. Embryos were treated with SU5402 (Calbiochem) according to the procedure previously described (Martinez-Morales et al., 2005) and the final concentration is 16 mM. Embryos were incubated either of SU5402 containing medium or DMSO containing medium from 23 to 36 hpf.
Blastomere transplantation
Transplantations were performed as previous described (Ho and Kane, 1990) . Donor embryos were injected at one-to four-cells stages with a mixture of rhodamine-conjugated dextran (Molecular Probes) and morpholino nucleotides. Approximately 5-20 donor cells were transplanted into the animal pole of host embryos.
